Clinical trials have shown beneficial effects of blood pressure (BP) control in reducing the risk of diabetic retinopathy (DR). However, association between BP control and DR in population-based studies is not clear. We aimed to examine the association of hypertension and BP control with DR.
Results
The prevalence of any-DR and VTDR in the study population was 33.8% and 9.0% respectively. Both poorly controlled and untreated hypertension were significantly associated with any-DR with odds ratio (OR) (95% confidence interval [CI]) of 1.97 (1.39-2.83), and 2.01 [1.34-3.05 ]. Among BP components, SBP and PP were associated with both any-DR and VTDR with OR (95% CI) of 1.45 (1.28-1.65) and 1 
Introduction
Diabetic retinopathy (DR) is a common microvascular complication of diabetes. It is a major public health problem worldwide contributing to the majority of visual impairment among people with diabetes and a leading cause of blindness among working-age adults [1] . In 2010, one in three persons with diabetes was estimated to have some form of DR and one in 10 to have vision-threatening DR (VTDR) [2] . Apart from poor glycemic control, blood pressure (BP) has been shown to be an important risk factor for DR. Evidence from clinical trials has demonstrated beneficial effect of tight BP control on risk of DR in patients with diabetes and hypertension [3] . The 2017 Guideline for the Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults, recommend a BP goal of <130/80 mm Hg in adults with diabetes for prevention of further complications [4] . In population-based studies, while systolic blood pressure (SBP) has been consistently shown to be associated with DR [5] [6] [7] [8] [9] [10] , association of diastolic blood pressure (DBP) was less consistent with the majority showing no significant association of DBP with DR [5, 11] , These studies examined BP or hypertension as one of the risk factors of DR, but none has examined in detail the association of hypertension treatment status, level of control or the range of SBP or DBP levels with DR. In addition, except for one population-based study, none has looked into the association of pulse pressure (PP, calculated as the difference between systolic and diastolic BP) with DR [12] . PP >60 mm Hg has been shown to be associated with increased risk of cardiovascular disease (CVD) and adverse renal outcomes in patients with type 2 diabetes [13, 14] .
Ethnic differences have been reported in the prevalence and control of hypertension, as well as in DR prevalence. Of the three main ethnic groups in Singapore, Malays are reported to have higher prevalence of hypertension and poor BP control [15] . In addition, DR prevalence (~36%) was reported to be higher in Malay and Indian adults compared to Chinese with diabetes [16] . It is not clear if there are ethnic differences in the association between hypertension and DR. In this context, we aimed to examine the association of hypertension status, and BP components with presence and severity of DR in a multi-ethnic Asian population in Singapore.
Methods

Study population
Data for this study were derived from the Singapore Epidemiology of Eye Diseases (SEED), a population-based cross-sectional study of eye diseases in Chinese, Malay and Indian adults aged 40-80 years. Baseline data for Malays, Indians and Chinese were collected from 2004-2007, 2007-2009 and 2009-2011, respectively . Detailed methodology of SEED study has been published elsewhere [17, 18] . At baseline, 3,280 Malays, 3,400 Indians and 3,353 Chinese participated in the study with response rates of 78.7%, 75.6% and 72.8%, respectively. For this study, we included only participants with diabetes and hypertension (treated/untreated). Diabetes was defined as random glucose concentration � 11.1 mmol/L, HbA 1 c � 6.5%, selfreported anti-diabetic medication use, previously diagnosed and hypertension was defined as SBP � 140 mm Hg or DBP � 90 mm Hg or self-reported physician diagnosis of hypertension [19] . After excluding participants without fundus photography, data on BP, diabetes and other covariates included in the multivariate model, we included 2189 participants for the current analysis (Chinese, n = 459; Malays, n = 798; Indians, n = 932). This study was performed in accordance with the tenets of the Declaration of Helsinki and ethics approval was obtained from the Singapore Eye Research Institute Institutional Review Board. Written informed consent was provided by participants.
Any-DR assessment
All participants underwent two-field color photographs (fields 1, centered on the optic disc; field 2, centered on the fovea) according to the Early Treatment for Diabetic Retinopathy Study (ETDRS) standard. Photographs were obtained from both eyes using a digital retinal camera (Canon CR-1 Mark-II Non-mydriatic Digital Retinal Camera; Canon, Tokyo, Japan) after pupil dilation with 1.0% tropicamide. DR severity was graded according to the modified Airlie House classification system [20] . Trained graders analysed the images for qualitative changes using a standardised protocol. Participants were classified as having retinopathy if their retinas had characteristic lesions defined by ETDRS severity scale: microaneurysms, haemorrhages, cotton wool spots, intra retinal microvascular abnormalities, hard exudates, venous beading, and new vessels. Based on the severity score of worse-eye, any-DR was defined as a score � 15. DR severity was further classified as minimal non-proliferative (NPDR, level [15] [16] [17] [18] [19] [20] , mild NPDR (level 35), moderate NPDR (level 43-47), severe NPDR (level 53), and proliferative DR (PDR, score > 60) [21] . Vision-threatening DR (VTDR) was defined by the presence of severe NPDR, PDR, or clinically significant diabetic macular edema (DME).
Assessment of hypertension
BP was measured with digital automatic BP monitor (Dinamap model Pro Series DP110X-RW, 100V2; GE Medical Systems Information Technologies, Inc., Milwaukee, WI) applied to the right arm of a seated participant after five-minute rest. Two BP measurements were taken 5 minutes apart, and if the two BP measurements differed by more than 10 mm systolic and 5 mm diastolic, a third measurement was taken and the average of two closest readings were taken as the BP value [22] . PP was calculated as the difference between SBP and DBP (SBP-DBP). Based on participants' treatment and control status, hypertension was categorized into four groups (Group 1: good control on treatment with SBP <130 and DBP <80 mm Hg; Group 2: moderately controlled, on treatment with BP levels other than group 1 and 3; Group 3: poorly controlled, on treatment with SBP �140 and DBP � 90 mm Hg, Group 4: untreated hypertension with any BP level). We kept 'untreated hypertension' as one category without specifying BP levels. It is possible that those with untreated hypertension may have BP within controlled levels via other means of control such as lifestyle modifications. Alternatively, it could also be due to newly diagnosed hypertension (abnormal BP levels detecting during the study visit). As the purpose of the study was to examine the association of hypertension treatment with DR, we did not stratify 'untreated hypertension' by BP levels.
Assessment of covariates
Information on demographic, socioeconomic (education level and monthly household income), lifestyle (smoking and alcohol consumption) and medical history (diabetes, hypertension, and CVD) of the participants was collected during a comprehensive questionnaire-based interview. CVD was defined as self-reported physician diagnosed heart attack, angina, or stroke,. Body Mass Index (BMI) was calculated as weight in kilograms (kg) divided by height in meters (m) squared. A 40-ml sample of non-fasting venous blood was collected to determine glycated haemoglobin (HbA 1 c), random glucose, total cholesterol and high density lipoprotein (HDL) cholesterol concentrations. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m 2 [23] . eGFR was calculated from the serum creatinine levels according to the CKD Epidemiology Collaboration (CKD-EPI) equation [24] .
Statistical analysis
We used R software version 3.4.2 (R system for statistical computing, available from Comprehensive R Archive Network http://cran.r-project.org/) for our statistical analyses. BP components (SBP, DBP and PP) were analyzed as both continuous (per SD increase) and categorical variables (quartiles). Hypertension status was examined in all four categories as defined above. For outcome VTDR, due to the smaller number of events in-groups 3 (n = 11) and 4 (n = 57), we combined groups 2, 3 and 4 as uncontrolled hypertension. Associations of hypertension status and BP components (SBP, DBP and PP) with any-DR were analysed using two logistic regression models: model 1, adjusted for age, sex, ethnicity; model 2 with additional adjustment for socioeconomic (education, income level), lifestyle (current smoking status, alcohol consumption, BMI), and clinical factors (total and HDL cholesterol, duration of diabetes, antidiabetic medication use, HbA 1 c, anti-hypertension medication use, CVD and CKD status). Both regression models were also used to analyse the associations between hypertension/BP components and VTDR. To examine the consistency of the associations, we performed subgroup analysis stratified by ethnicity. Statistical interaction between hypertension categories and the stratifying variable (ethnicity) was examined in the corresponding logistic regression model by including cross-product interaction terms. To examine the dose-response relationship between SBP, PP level and any-DR, and VTDR without linearity assumptions, we used generalised additive modelling approach (flexible nonparametric logistic regression) to calculate odds of any-DR and VTDR, adjusting for all covariates in the multivariate model. Predicted odds of any-DR and VTDR were then plotted against increasing SBP and PP levels (on log scale).
Results
The prevalence of any-DR and VTDR in our study population was 33.8% (n = 740) and 9.0% (n = 197), respectively. As shown in Fig 1, no significant differences were observed in the crude prevalence of any-DR and VTDR in the three ethnic groups (P = 0.2 for any-DR, P = 0.8 for VTDR). Table 1 summarised the baseline characteristics of participants stratified by hypertension categories. Of the 2,189 participants with hypertension, 279 (12.8%) had controlled hypertension, 1,046 (47.8%) had moderately controlled hypertension, 139 (6.4%) had poorly controlled hypertension, and 725 (33.1%) had untreated hypertension. Participants with treated and controlled hypertension were less likely to be Malays, primary/below educated and to have monthly income <S$1,000, had higher prevalence of CVD, anti-diabetic medication use, and had lower levels of SBP, DBP, PP, HbA 1 c, total and HDL cholesterol. Those with treated, but moderately controlled hypertension were older, less likely to be currently smoking, and more likely to have monthly income <S$1,000. Those on treatment and with poorly controlled hypertension had higher prevalence of CKD, higher levels of all three BP components (SBP, DBP, PP) and HDL cholesterol. Those with untreated naïve hypertension were younger, mostly Malays, current smokers, primary/below educated, had lower prevalence of CVD, CKD and anti-diabetic medication use, had higher levels of HbA 1 c, and total cholesterol. There were no significant differences in sex, alcohol consumption, diabetes duration, and BMI levels across the four hypertension categories. Table 2 shows the association between BP categories and any-DR. After adjusting for age, sex and ethnicity (model 1), only treated and poorly controlled hypertension was associated with any-DR. After adjusting for potential confounders (model 2), both treated and poorly controlled (odds ratio [OR] = 1.97), and untreated hypertension (OR = 2.01) were associated with any-DR. Quartile analysis of individual BP components showed that any-DR prevalence increased with increasing levels of both SBP and PP (P< 0.001). Both categorical and continuous logistic regression analyses showed that SBP and PP were associated with any-DR in both regression models. Association between SBP and PP levels and any-DR remained positive when SBP and PP were analysed as continuous variables. However, there was no significant association between DBP (categorical as well as continuous) and any-DR in either model. In 
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nonparametric models without linearity assumptions, continuous positive associations were observed between SBP (Fig 2A) and PP (Fig 2B) levels with any-DR.
Association between hypertension, BP components and VTDR
Compared to the reference (treated and controlled), untreated/uncontrolled hypertension was not associated with VTDR in either multivariate models ( Table 3) . Among the BP components, increasing levels of both SBP and PP levels were significantly associated with VTDR in both models. In non-parametric models, SBP levels higher than 140 mm Hg (Fig 3A) and PP levels higher than 75 mm Hg (Fig 3B) were significantly associated with VTDR.
Association between hypertension categories and any-DR by ethnicity
There was significant interaction by ethnicity in the association between hypertension categories and any-DR (P-interaction = 0.009, Table 5 shows association between BP components and any-DR and VTDR stratified by ethnicity. Similar to the main analysis, both SBP and PP levels were significantly associated with any-DR in all three ethnic groups. With regards to VTDR, SBP and PP levels showed significant association in Chinese and Malays. In Indians, neither SBP nor PP showed significant association with VTDR. However, there was no significant interaction by ethnicity in the association of SBP (P-interaction = 0.1), or PP (P-interaction = 0.6) with any-DR or VTDR.
Association between BP components and any-DR, and VTDR by ethnicity
Discussion
In this population-based sample of Chinese, Malay and Indian adults with diabetes and hypertension both treated but poorly controlled and untreated hypertension were significantly 
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associated with any-DR compared to treated and good control (SBP <130 and DBP <80 mm Hg). After adjusting for potential confounders, elevated levels of SBP and PP were associated with both any-DR and VTDR. In non-parametric models, for any-DR, while a continuous positive association was observed across the SBP and PP levels, the linear association for VTDR was evident for participants with SBP levels above 140 mm Hg and PP above 75 mm Hg. In subgroup analyses stratified by ethnicity, hypertension categories were significant in Malay and Indians but not in Chinese, but associations of SBP and PP with any-DR were consistently present in all three ethnic groups.
To the best of our knowledge, our study is the first to examine the association of hypertension treatment with DR using population-based samples. Several clinical trials have examined the effect of hypertension control on the incidence and progression of DR. While some have reported beneficial effect of intensive control on DR risk, others have shown no significant effect. It must be noted that the definition of BP control is not standard across the BP studies and this might have influenced the conclusions about the effect of BP control on retinopathy. For instance, in the UK Prospective Diabetes Study (UKPDS), tight BP control (SBP below 143 mm Hg) in patients with type 2 diabetes was beneficial in preventing any-DR progression [3] . Similarly, a recent retrospective cohort study in Taiwanese population with type 2 diabetes revealed that pre-morbid hypertension and poor SBP control were associated with development of new DR [25] . In contrast, the ADVANCE study, a randomised controlled trial, showed that BP control within the normal range (below 140/80 mm Hg) had no effect in preventing DR progression [26] . Furthermore, the Appropriate Blood Pressure Control in Diabetes (ABCD) trial reported no difference between intensive (DBP goal of 75 mm Hg) and moderate (DBP goal of 80-89 mm Hg) BP control with DR progression in hypertensive type 2 
diabetic subjects [27, 28] . Longitudinal studies involving hypertensive patients from populations are necessary to confirm our findings.
We observed significant ethnic differences between hypertension categories and any-DR (p-interaction by ethnicity in the association between hypertension categories and any-DR = 0.009) in our study. While there was an association between poorly controlled hypertension and any-DR in both Malays (multivariable OR of 4.30 [1.62-13 .70]) and Indians (2.15 [1.31-3.56]), this was not observed in the Chinese population (1.36 [0.67-2.79]). In the current study, among those with hypertension on treatment, Chinese hypertensives were found to have lowest proportion of poorly controlled hypertension (4.9% in Chinese vs. 14.6% in Malays and 8.5% in Indians). This is consistent with previous report from the Singapore National Health Survey 2010 [29] which showed that among those with known hypertension, Chinese had the highest proportion of good control (70%) followed closely by Indians (68.9%) compared to Malays (51.5%). In addition, since prevalence of diabetes was significantly lower in Chinese (15.2%) compared to Malays (24.4%) and Indians (34.5%) in the SEED study [30] , number of Chinese participants (n = 459) included for the current analysis was also relatively 
small compared to Malays (n = 798) and Indians (n = 932). Consequently, only 17 Chinese participants fall under 'treated, poorly controlled' category of which only 6 had DR. Lower proportion of those with poorly controlled hypertension and the small number of DR events due to lower prevalence of diabetes in Chinese could possibly explain the lack of association between hypertension category and any-DR in Chinese.
In the current study, higher SBP levels were associated with both any-DR and VTDR. Our findings on SBP and any-DR are similar to reports from several cross-sectional studies conducted in India, and China [7, [31] [32] [33] [34] . A cross-sectional study conducted in India involving rural population showed similar significant associations between SBP and presence and severity of any-DR [7] . Another cross-sectional study involving urban participants in India, showed increasing SBP to be associated with any-DR in newly diagnosed type 2 diabetes patients [33] . Similarly, higher SBP was also an independent risk factor for both any-DR and VTDR in Indians who migrated to an urbanised country such as Singapore [34] . In two cross-sectional studies in China, higher SBP was also an independent risk factor for both any-DR [31, 32] and sight-threatening DR [32] .
Similar to SBP, we found higher PP levels to be associated with both any-DR and VTDR. PP levels were shown to be associated with any-DR in both UKPDS [35] and a Congo based study [36] . The outcomes were consistent with the findings in our study in which PP was associated with VTDR. Abnormal PP has been reported to increase blood flow shear stress and destroy the retinal capillary endothelial cells in diabetic eyes [37] , which may explain the association between PP and VTDR. Elevated PP levels have also been associated with micro-and macrovascular complications in patients with type 2 diabetes [38] . Compared to SBP, PP has been demonstrated as a better predictor of coronary heart disease (CHD) in persons with type 2 diabetes [13] . In hypertensive patients, PP may be used as a marker of preclinical cardiovascular disease such as pre-clinical atherosclerosis and arterial stiffness [39] .
We found that DBP level was not associated with any-DR and VTDR. Unlike SBP, DBP with any-DR association has not been consistently observed in the literature. Similar to our findings, two cross-sectional studies conducted in China reported no significant associations between DBP and any-DR [31, 40] . However, a previous study using four fields of digital retinal colour photography to detect any-DR in Asian Indians showed DBP to be associated with any-DR in type 2 diabetes [41] . In the Wisconsin Epidemiologic Study of Diabetic Retinopathy 
(WESDR), no significant association was found between DBP and DR progression in type 2 diabetic patients [42] . It is possible that antihypertensive treatment would have reduced diastolic BP more than systolic BP. For e.g. in patients with chronic kidney disease and hypertension, it has been shown that in hypertensive patients, treatment with multiple antihypertensive drugs was associated with lowering of diastolic BP more than systolic BP [43] . Strengths of this study include the use of large, population-based, multi-ethnic sample of diabetic participants with hypertension. However, there are limitations that might affect the interpretation of the outcomes. First, this is a cross-sectional study that limits inference of causality or temporality in the associated outcomes. Second, although we had adjusted for antihypertensive medication use, we did not collect information on the dosage, class and duration of use. Third, we used BP measurements from a single visit and this could have over-estimated hypertension prevalence. Lastly, in diabetic participants, diabetic glomerulopathy leads to difficult control of hypertension and diabetic glomerular disease might explain the poor BP control among those with renal insufficiency. Unfortunately, information on albuminuria was missing in nearly a third of the participants, thus, we could not account for the effect of diabetic glomerulopathy in poor BP control. However, adjustment for eGFR, a kidney function marker, in multivariable models suggest that the observed association between poor BP control and DR is independent of eGFR and other conventional risk factors including antihypertensive medication use which prevents progression of albuminuria.
In conclusion, in a multi-ethnic sample of Asian adults with diabetes and hypertension, both treated and poorly controlled and untreated hypertension were associated with any-DR. Higher levels of SBP and PP were associated with any-DR and VTDR. Our findings suggest that in participants with both diabetes and hypertension, a tighter control of BP may help prevent DR.
